A quantitative numerical concept is presented for life estimation of large-size samples of cable insulation using experimental data from thin films, which can potentially become an ancillary tool for designs, evaluations, and diagnostics of full-size insulating systems and their manufacturing qualities.
Introduction
The long-term performance of cable insulation has been severely challenged [1] [2] [3] by the technological advances of high voltage DC (HVDC) power lines for bulk long-distance subsea or underground transmission worldwide [4] [5] [6] [7] [8] . In particular, its life plays an important role in the reliability of the whole transmission system, which has received a great deal of attention and been extensively investigated over many years [1] , [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Several competing life expressions, based on different mechanisms, have been developed with the aim of quantifying relationships between applied stresses (electrical, thermal and mechanical) and time to failure (lifetime). These have been used for theoretical studies and practical engineering applications. In their favor, the mean life data of laboratory tests can be fitted well to the model expressions. Alternatively different endurance characteristics of insulating material candidates can be compared with investigate their performances for a given cable system [1] , [10] , while providing feedback and insights on power cable design and manufacture.
Nevertheless, the data from the statistical analysis with life models cannot be straightforwardly used for full-size cable design, which is usually developed from a large number of tests based on small-size specimens for the sake of simplifying test procedures and saving the time and costs in the laboratory [1] , [13] . Indeed, it is difficult to identify the local properties and features defining the failure distribution, such as the presence of voids, protrusions, and impurities [3] , in the limited small-size sample sets tested [20] . Because of the volume effect whereby spatial variations in thick materials produces more extreme property values, the life data of thick specimens will possess more statistically extreme values such as would be expected of full-size cable insulation. A consequence of this, however, is that larger test apparatus and more complex procedures are required as the volume of insulation increases. These are challenges for cable insulation system test, design, and manufacture.
Here we propose a novel concept to model the life of full sized systems using life expressions tested and parametrized on thin laboratory specimens. We also show how extreme forms of defects, such as large cavities, and stress enhancing inclusions and asperities can be incorporated into the model simulations. The aim of the present work is to establish behavior patterns for the lifetime of the thick insulating materials, with respect to variability of material morphology and influence of defects. However, we expect that, as further work establishes detailed correlations between the onset of local degradation and local property values, it will be possible to use the simulations for life prediction under operating conditions. The simulation model would then become an effective tool for full-size cable design and manufacture, which is also valid for the insulation of accessories. Furthermore, the model yields a description of the form taken by the degradation during the lifetime [21] [22] [23] and hence has the potential to aid the development of aging diagnostics.
Fundamentals of Modeling

Generic Features for Aging Simulation
Life models [14] [15] [16] [17] [18] [19] for the electro-thermal aging of thin insulating polymers have described its progress in terms of a field-driven reaction in which a local region of the polymer, that is initially in a reactant (unaged) state, is converted into a product (deteriorated) state with failure occurring when some critical concentration of local regions has been converted. The progress of the reaction can be defined as a normalized variable X (0 ≤ X ≤ 1) [15] , where X = 0 corresponds to all reacting regions being in the reactant state and X = 1 to all regions in the product state. The increment of X over time, therefore, indicates the accumulation of degradation under electro-thermal stresses, and its time-evolution is determined by the following rate equation: 
Here k f is the forward rate constant and k b the backward rate constant, and in the presence of an applied electric field they are given by [16] , [17] :
where k is the Boltzmann constant, h the Planck's constant, T the absolute temperature, E the applied electric field and Δ the energy difference between the unreacted and reacted states. ΔG is a parameter defined in terms of the activation free energies from reactant and product states to the transition state between them as ΔG = ΔH − TΔS where ΔH and ΔS are activation enthalpy and entropy, respectively [16] . The detailed descriptions of C and b are dependent on the specific physical mechanisms [15] [16] [17] [18] [19] , but their essences are the capacities of local material to concentrate energy from the electric field E, driving more reactant moieties to cross over the energy barrier to convert to the product state. Thus, CE 2b can be regarded as a measure of the local field energy concentration which is available to drive the reaction. Since there is an equilibrium value of X given by A eq in (4), a minimum value of the field may be required before the aging can proceed to failure, for which there is some experimental evidence [15] .
Failure is taken to occur at the time when the amount of conversion X reaches or exceeds a critical value denoted in [15] [16] [17] by A*, which is a measure of local susceptibility to aging representing the ability of a given location to resist irreversible deterioration. Under the assumption that the local field E does not change during the aging, these equations can be combined to yield a life L for the insulation, given by [16] :
This expression has been shown to fit the characteristic lifetime (of a life distribution to failure [20] ) of several thin sample tests at a range of stresses, using temperature independent values for A*, C, ΔH, ΔS, Δ and b. Such parameters can be treated as generic aging material features regardless of detailed physical mechanisms, and will be used in simulations.
Modeling Basis for Large-Size Sample
These generic parameter values in a set of thin samples follow a sample-to-sample distribution that results in a lifetime distribution that can be related to that of the parameter values [20] . This experimentally derived distribution can be used to characterize the properties and features for a specific location [21] , [22] in a macroscopic sample, by considering such a sample to consist of a large number of small volume elements with the same size as the thin samples. The properties and features, pertinent to aging, of each element can be defined by means of local values of the generic parameters as used in the life model.
If the sample were to be infinite in size, the parameter values of the elements would form a continuous distribution with the relative occurrence of every value being proportional to its associated probability as determined from the thin sample lifetime distribution. However, full-size insulating systems are finite in size and will contain a finite selection of local parameter values from the continuous distribution corresponding to the lifetime distribution of the thin samples [20] . Their large size will mean that such a distribution will contain a wider range of parameter values than are found in the set of thin samples, though the quality standard of the manufacturing process would be expected to ensure that the average quality (corresponding to the characteristic values of the distribution) would always be the same. The wider range of local aging parameters would however mean that the large systems would have a high probability of more dangerous values and local degradation would start earlier than in the thin samples.
In our previous work [23] we have shown that the onset of local degradation does not immediately lead to failure as is usually expected [20] , but only starts the process of enhancing the local field to a value at which runaway failure occurs. Nonetheless the first degraded region, corresponding to the worst case of aging parameters in the insulating system, is still the initiator of the progressive field enhancement, and hence will have some influence on the form of the lifetime statistics. In the following we will examine these concepts further with respect to thick insulating materials that may contain in addition defects typical of large scale manufacture.
Simulations of Life Estimation
Establishment of Numerical Modeling
Here the proposed life estimation model of large-size samples is established based on the life distributions of small-size XLPE samples that are regarded as discrete small elements composing continuous thicker samples. The simulation is carried out on a two-dimensional (2D) 110 × 100 grid using a plane-plane electrode arrangement, i.e., sandwich testing structure. The spacing is equal to 150 µm so that the grid represents a 16.5 mm by 15 mm section of a sample of XLPE, as illustrated in Figure 1 . Each bond stands for a small element with 150 µm thickness, for which thin film experiments yield a characteristic life that fits (5) and a corresponding distribution of parameters that fit the lifetime distribution.
Morphological Values for Spatial Inhomogeneity
When this large scale integTrated sample is under constant stress, its aging progress can be quantitatively calculated in all the elemental bonds using equations (1) to (4) by assign-ing them values of the set of general parameters ( Table 1) . The values are assumed to randomly vary in the specimens on 150 µm scale and hence are randomly selected from the parameter distribution corresponding to the lifetime distribution with a characteristic value given by the fit to (5) [17] .
However, since the thin samples have been tested at only one temperature, it is not possible to derive ΔH and ΔS separately and thus only ΔG can be determined at 20°C. As ΔG and Δ have little spatial variations [20] and b is more related to the aging mechanism, they will be kept at their characteristic values. The parameters A* and C have a clear physical meaning though their derivation from local properties is mechanism specific and difficult to achieve [21] - [23] . Instead the local values of C are randomly selected from the Gaussian distribution function that approximates closely to the distribution corresponding to the thin film life distribution. The characteristic value of C is that experimentally determined from the characteristic life expression (5) . In the case of A*, which expresses the local susceptibility to aging, the range of allowed values is from 0 (already a conducting region of damage) to 1 (an ideal capacitive region requiring a complete local modification for irreversible damage).
Boundary Conditions and Computational Settings
In the simulations, the DC testing voltage is applied to the top boundary and the bottom boundary is connected to the ground as shown in Figure 1 (a). To prevent edge effects from generating unrealistic results, periodic boundary conditions are introduced for two edges, and two outer free domains alongside the edges with 5 × 100 grid are established for the iterative operation of the node potential, while the aging simulation is restricted to the inner 100 × 100 grid.
The initial state of each bond has been set as a perfect unaged capacitor with X = 0 which is non-conducting. Using equations (1)-(4), the accumulation of the product state of each bond in the aging can be quantitatively calculated as a function of time with a recursion equation which can be derived as (6) for the value of X after the nth time step (Δt), X n , in terms of the progress at the end of the previous time step X n−1 given by:
When the deterioration index, X, in some bond reaches its local value of aging susceptibility A*, i.e., X ≥ A*, this bond cannot keep the insulating state and thus is converted to a failed state as in Figure 1 (b) and (d). Since the DC conductivity of this failed element is much bigger than those insulating bonds surrounding it [12] , the failed bond can be taken as a conductor whose electric field is assumed to be zero [21] [22] [23] . Consequently, the potential distribution in the whole matrix will be changed and it is then updated via the Laplace's equation using the finite difference method:
where V is the node potential. These failed bonds alter local fields and accelerate surrounding bonds toward new field-dependent equilibrium states, defined by (4) with E now being the new value of the local field in the bond. The progress of reaction (X) in the remaining insulating bonds continues according to (6) and when it reaches the value of A* appropriate for another un-failed bond, that bond fails and is added to the degradation. The aging calculation is continued until a breakdown path connecting the electrodes is generated in the sample. The lifetime is given by the summation of all the time steps. The flowchart for the life estimation simulation model is shown in Figure 2 which can be realized with custom programming using MATLAB.
Simulation Strategies
Numerical simulation of DC voltage withstand tests (VWT) have been performed for XLPE at a uniform temperature of 20°C. To have a comparison of the lifetimes between small-size and large-size samples, six test fields have been chosen in the range of 150 -200 MV/m corresponding to those used in the thin film tests [17] . Repeat lifetime simulations of samples with a thickness of 15 mm were carried out using two different strategies corresponding to what may be found in a real insulating material product. The first one focuses on the different levels of technology in cable manufacturing which can be reflected by different standard deviation (SD) of the distribution for A* and C from which random choices are made for each bond. In the other case, macro defects i.e., electrode protrusions at the surface of insulation and conducting impurities in the body, were included to assess their influence on the life of XLPE insulation. Local variations in the property values that determine A* and C in XLPE can be expected both as a result of its semi-crystalline nature and as a result of the manufacturing process. In [20] it has been shown that for thin Polyethylene Terephthalate (PET) films, the life distribution corresponds to an asymptotic extreme value (AEV) distribution in their sample-to-sample variation. Here a Gaussian distribution has been used to determine behavior patterns without having to introduce extra complexity. Four different standard deviations (SD) have been used in the first numerical testing strategy, as shown in Table  2 and Figure 3 , to represent different qualities of manufacture. As the SD increases the bonds of the simulation matrix have an increased probability of being assigned more extreme values around the fixed characteristic values of A* and C as shown in Figure 3 . Since large-size systems have more volume than small samples, and hence a larger number of elemental bonds in their simulation, they will inevitably have more local sites that are relatively weaker (more susceptible to aging) compared with the average than small-size ones even in the smallest SD distributions used e.g., Type SD-1. Here we will use simulations with SD-1, SD-2, and SD-3, to represent excellent, mediocre and poor products. Simulations that have a distribution of A* with SD: 0.1 (SD-4), would have some extremely low values close to zero, and correspond to insulation samples in which some local sites, such as low density regions, are intrinsically weak. A practical evaluation of the SDs of the generic aging parameters can be made from life tests on small-size samples taken from the same batch manufacturing process as the large insulating system [20] . With this data as input, the lifetime distribution of thick samples can be predicted at a chosen field and temperature using the numerical simulation method that we proposed in [23] .
Outcomes of Strategy I for Manufacturing Levels
Each simulated sample consists of 20200 bonds along and perpendicular to the electric field. If the sample is absolutely uniform (i.e., all bonds possess the characteristic values of A* and C), all bonds along the field direction will fail simultaneously without any perpendicular failure. Breakdown would extend across a wide area and the lifetime distribution would be a delta-function at the characteristic life of thin films samples. This is, however, impossible as even in high-quality products, spatial variations are inevitable. Consequently, sample breakdown involves failure in a limited number of bonds that brings about the conditions (mainly a critical local electric field [23] ) for the genesis of an accelerating (runaway) path of local failures that crosses the sample, Figure 4(b) .
For each distribution type, ten repeated simulations with different random selections of A* and C, have been carried out at each testing voltage. The lifetimes, L, of the simulations have been fitted to a Weibull function [12] whose cumulative probability function, P F , is given by:
where β is the shape parameter, and L c is the characteristic lifetime. When L c is plotted as a function of applied field in Figure  5 , it can be seen that for each distribution type the lifeline fits (5) but with characteristic parameter values that are different for each SD studied, such that the larger the SD the shorter is the simulated characteristic life. The characteristic values for the fits are given in Table 4 .
Outcomes of Strategy II for Effects of Defects
Defects within the insulation, principally impurities, protrusion, and voids, have negative effects on the insulation performance and reduce the lifetime [3] , [24] . The second testing strategy, therefore, has a focus on different distributions of protrusions and impurities without regard to voids since partial discharge aging in voids plays a minor role in the DC regime [1] . Nine simulation types have been set as defined in Table  3 . Types Dp-30, Dp-50 and Dp-75 refer to different sizes of protrusions fixed on the electrode internal surface. Types Dr-0.01, Dr-0.1 and Dr-0.3, Du-0.01, Du-0.1 and Du-0.3 refer to different volume fractions of impurities in the XLPE bulk with random and uniform distributions, respectively.
To enhance electric field resolution of protrusions whose sizes are smaller than elemental bonds, (i.e., 150 μm), and reduce the computational cost of a finer global grid, a local mesh refinement method is introduced to calculate the electric field [25] . The electric field thus calculated is resolved only to the size of the finer mesh and thus is dependent only on the length of the protrusion rather than its undefined radius of curvature. The formation of electrical trees is therefore not considered, only the effect of the defect field enhancement upon bulk ag-ing. The internal field distributions obtained before any bond has failed are shown in Figure 6 . The results indicate that the local electric field intensity relates to the length of protrusions, namely that defects along the electric field in larger size cause stronger local field. In the case of bulk impurities, conducting defects of 50 μm, which is the permissible level for cable, are distributed both randomly and uniformly with various concentrations. A global finer grid of 50 μm spacing is defined for local field calculation. In all cases we consider the conducting defect to be unable to initiate an electric tree, but instead able to enhance aging in neighboring bonds through its field enhancement. As shown in Figure 7 , randomly distributed impurities enhance the field in their locality, while uniform ones produce instead a symmetrical and relatively even local electric field.
The initial electric field distributions for aging simulations of matrices embedding defects on 150 μm scale are sampled from local and global finer meshes of 50 μm irrespective of volumes of defects [25] . Aging processes are calculated in which the values of A* and C assigned to bonds possess the Type SD-2 distribution. The estimated lifetime is shown in Figure 8 . The fitted characteristic values of A* and C in the thick samples with defects are given in Table 4 . Table 4 . 
Analysis of Outcomes
A Novel Concept of the Ancillary Tool for Manufacturing
The modeling method described above uses laboratory life test data obtained on thin film samples, which is relatively easy to obtain, as the basis of a physical simulation of the lifetime distribution of large-size insulation of the same material. It can therefore be used to estimate insulation life in service conditions in a physically based quantitative way without having to extrap-olate accelerated high field data over many orders of magnitude in time. Although temperature has not been addressed here as a variable, different temperature laboratory tests on thin films would allow ΔG to be separated into values for ΔH and ΔS, since ΔG = ΔH − TΔS, and hence simulations could be carried out for service condition temperatures, and even temperatures that are not spatially uniform. Dielectric heating can even be included in the simulation if necessary [26] . All these features mean that the method can be developed as a potent engineering tool for life prediction. The simulation method also has potential as a means of guiding material design and quality assessment of the manufacturing process. It is usually assumed that full-sized insulation systems have a higher probability than thin films of possessing gross defects, such as conducting particulates or protrusions, because of their larger volume (surface area). However Figure  5 shows that the larger volume also allows more extreme variation in local material quality (through extremes of local values of A* and C), which leads to a reduced life, i.e., the larger the standard deviation in the probability distribution of parameter values, the more extreme the worst case bond is, and therefore the shorter the lifetime. Table 4 shows that when SD is small (Type SD-1) the characteristic parameter values are close to those of the thin film samples and the system behaves almost as a uniform material whose aging is described by that of the characteristic of the thin film set of samples, see Figure 5 . As the SD increases, the characteristic parameter values of the thick sample simulation change to give a shorter characteristic lifetime (higher characteristic C and lower characteristic A*). Type SD-4 is a special case where the SD in C is small leading to a low characteristic value of C, but the SD of A* is higher than any others giving a very low characteristic A*. These changes show that the existence of larger parameter variation, such as occurs through increasing SD or material volume, will result in lower lifetimes. Figure 5 also shows that small values of A* can be very important in reducing insulation life even when the parameter C that directly refers to the input of energy from the applied field is only weakly distributed.
The extremal values are important in these simulations because they are carried out at high fields, such that one (or at most a few) local bond failures can enhance the field above the critical value for a runaway extension [23] to fail the whole sample. In this case time to failure is governed by that of the most susceptible site (smallest A* in collaboration with largest C) in the simulated sample. The breakdown structure will start from the weakest site as a single filament, but because of the rapidly increasing field and field divergence at its tip it will branch out as the electrodes are approached [23] , see Figure 4 . Nonetheless the initial breakdown width will probably not be more than ∼5mm as might be expected.
At lower applied fields we would expect that more local sites have to fail to enhance the local field to criticality, whose generation takes up 96%~99% of the overall lifetime [23] . In this case the very weakest site is not so important, with runaway failure being initiated by a grouping of sites that are weaker than the average. This outcome means that processing manufacture not only has to take care not to introduce gross defects but should aim for as uniform a material quality as possible. Therefore, when introducing new insulating materials care should be taken to ensure that they can be processed to a high uniform quality. This may be particularly important when the new materials are co-polymers or mixtures.
Although we have distributed parameter values at random, it would also be possible to introduce a gross patterning corresponding to morphological features on a scale greater than that of a single simulation bond, i.e., 150 μm. This may be a necessary development when considering copolymers or nano-com- posites. Such features can be expected to influence the outcome at lower fields close to service values. This would be the case particularly for very low fields near to or below service stresses where [23] shows that it may not be possible to reach the critical field for runaway failure before the many failed bonds link up across the simulated sample, although this takes a very long time. Uniformity of material could be expected to move the material in this direction while gross structures could well influence what is required to connect the failed regions. Figure 8 and Table 4 show that protrusions and randomly placed bulk defects behave as additional life-shortening factors even without generating electrical trees. This arises through the field enhancement that they contribute, which for long enough protrusions (>30 μm), modify the characteristic aging parameters further toward a reduced lifetime (characteristic value of C increased and that of A* reduced compared with the Type SD-2 base polymer), with the longer defects and the higher concentrations of bulk defects being the worst. A uniform concentration of bulk defects, however, has almost no effect, because as shown in Figure 7 , the field enhancement in this case is small compared with that of the percolation clusters of conducting particles produced by a random distribution. The dependence of the simulated lifelines ( Figure 8b) and effective values of fitted Weibull shape parameter β (Figure 9 ) upon concentration is consistent with the experimental results of [27] .
Statistical Analysis of Failures of Large-Size Samples
The simulated lifetimes have been fitted to the Weibull distribution (8) and the maximum likelihood values for the shape parameters are given in Figure 9 . It can be seen that as the applied field is increased, the value of β decreases for all forms of simulation. The reason is that the number of local failures that is needed to enhance the local field to the critical level [23] required for runaway failure is lowest at the highest applied fields, as expected from breakdown strength measurements where the weakest site/strongest local field dominates [20] , [27] . As the applied field reduces, the number of local failures required steadily increases. Thus, as the applied field decreases the condition for breakdown moves away from the random selection of extreme parameter values giving β→1 toward a more cooperative and hence deterministic behavior with a high β value (i.e., hazard rate increases with time [12] ). This result has implications for lifetime prediction as it is the low probability failures that are important at service conditions and it is usu- ally assumed that the value of β measured in accelerated tests remains the same at service fields. These simulations indicate that this is unlikely to be the case. A further feature revealed by Figure 9 is that the relative severity associated with the different types of simulation remains the same at all applied fields. Thus wider ranges of local parameter variation and greater gross field enhancement from random impurities and bulk defects both result in smaller β values. Uniformly distributed bulk defects result in higher values of β than randomly distributed ones, but still its value reduces as the local field enhancement increases.
It can be seen, therefore, that the value taken by β is determined by the range of values of material parameters C and A* that is sampled by the field enhancement as it develops to the onset value for runaway breakdown, either when generated by evolving local degradation or inbuilt by protrusions and/or impurities. When these parameters have a large variability as a result of small sampling regions of the randomly chosen values, the lifetime distribution is wide and β is small (β→1). As the sampling region becomes larger the variation in the most extreme of C (largest) and A* (smallest) becomes less, the lifetime distribution becomes narrower and β becomes greater. Thus the wider the standard deviation of parameter values the more variability in the local values available, the wider the lifetime distribution and, the smaller β becomes. Long protrusions concentrate their field enhancement in a limited region at the tip, Figure 6 (c), and so experience a greater variability in parameter values and a smaller β than do short protrusions which generate field enhancements that are similar in all directions around them, Figure 6 (a), due to the finite mesh size. Impurities tend to generate a field enhancement that is much the same around each impurity, Figure 7 , and therefore sample a portion of the parameter range simultaneously. As the concentration increases, the portion of parameter values sampled increases and so the variability gets smaller and the value of β becomes greater.
Conclusions
The simulation technique that we have proposed allows fullsized insulation lifetime predictions to be made using data obtained from thin film samples. The effect of larger volumes arises naturally in the calculations and results in a size dependent modification of the characteristic life parameters that define the material lifeline. We have shown how gross defects that would not occur in thin films can be incorporated into the technique and have determined the effect of defect type, size and distribution upon the lifeline and the lifetime distribution. The simulations have shown that high field accelerated tests probe only the extreme most susceptible regions of the material, whereas the lifetime at service fields is governed by a wider group of sub-average regions acting in concert, resulting in a narrower lifetime distribution. Consequently, lifetime predictions from accelerated tests would lead to invalid prediction of system reliability at service stresses. The technique shows potential to inform material choice, and set guidelines to manufacturing quality without resorting to a lot of expensive accelerated testing on large scale insulation systems.
